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ABSTRACT
Gamma-rays from hadronic collisions are expected from supernova remnants (SNRs)
located near molecular clouds. The temperature on the shock interacting with the
dense environment quickly reaches 105 K. The radiative losses of plasma become es-
sential in the evolution of SNRs. They decrease the thermal pressure and essentially
increase the density behind the shock. The presence of ambient magnetic field may
considerably alter the behavior of the post-adiabatic SNRs comparing to hydrody-
namic scenario. In the present paper, the magneto-hydrodynamic simulations of ra-
diative shocks in magnetic field are performed. High plasma compression due to the
radiative losses results also in the prominent increase of the strength of the tangential
component of magnetic field behind the shock and the decrease of the parallel one.
If the strength of the tangential field before the shock is higher than about 3µG it
prevents formation of the very dense thin shell. The higher the strength of the tan-
gential magnetic field the larger the thickness and the lower the maximum density
in the radiative shell. Parallel magnetic field does not affect the distribution of the
hydrodynamic parameters behind the shock. There are almost independent channels
of energy transformations: radiative losses are due to the thermal energy, the magnetic
energy increases by reducing the kinetic energy. The large density and high strength
of the perpendicular magnetic field in the radiative shells of SNRs should result in
considerable increase of the hadronic gamma-ray flux comparing to the leptonic one.
Key words: ISM: supernova remnants – shock waves – ISM: magnetic fields
1 INTRODUCTION
Ground- and space-based observations of γ-rays from su-
pernova remnants (SNRs) prove that galactic cosmic rays
are produced in these objects. It is shown that γ-rays are
likely leptonic in RX J1713.7-3946 (Abdo et al. 2011) and
hadronic in IC 443 and W44 (Ackermann et al. 2013). In
most other SNRs, γ-rays remain of unknown origin be-
cause theoretical models may explain observed γ-ray spec-
tra in both frameworks: either with relativistic electrons
or with protons (e.g. Acero et al. 2010). There are some
hints, both theoretical (Petruk et al. 2009) and observa-
tional (Acero et al. 2015), that SNRs having the shell-like
morphology in γ-rays are likely emitting through the lep-
tonic mechanism.
There are many evidences that electrons are acceler-
ated in SNRs from observations in radio and nonthermal X-
rays. Instead, direct observational proofs about acceleration
of protons in SNR shocks are difficult to obtain because of
small radiative ability of these particles. Photons emitted in
hadronic collisions may be observed in γ-rays only. However,
photons from inverse-Compton interactions with electrons
have the same energies. Hadronic γ-rays should dominate in
systems with rather high magnetic field (in order to reduce
efficiency of leptonic γ-rays) and with high density of cold
protons which are targets for relativistic protons accelerated
by the SNR shock.
Such conditions naturally appear when the shock moves
in the medium with the high density, e.g. it enters into
a molecular cloud. Therefore, SNRs located near molecu-
lar clouds are promising sites to observe hadronic γ-rays
(Slane et al. 2015). Thus, there is a reason for a systematic
search for such SNRs (Jiang et al. 2010; Chen et al. 2014).
The shock in SNR interacting with the molecular cloud
decelerates because of increased density. As a result, the
temperature of the post-shock plasma decreases and radia-
tive losses become important. The shock gradually trans-
forms from the adiabatic to the radiative one (Blondin et al.
1998, and references therein). The physics of the shock and
conditions for particle acceleration change considerably.
Picture of SNR evolution consists typically of the three
stages – free expansion, adiabatic and radiative – each with
its own features. Dissipation of very old SNRs could be con-
sidered as the fourth stage (e.g. Slavin & Cox 1992). It is
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often assumed that these phases change one another very
rapidly comparing to the duration of the phases themselves.
However, the transition from the fully adiabatic to the fully
radiative shock lasts almost the same time as duration of
the adiabatic stage (Petruk 2005). It has its own, different
from other stages, features (Blondin et al. 1998). First, the
presence of the dynamically important radiative losses does
not allow the Sedov (1959) model to be used. Second, the
thin cold radiative shell is not yet formed and, therefore, the
solution for the radiative shock (McKee & Ostriker 1977;
Pasko & Silich 1986; Bandiera & Petruk 2004) is not rele-
vant. Therefore, there is the need to separately consider the
post-adiabatic stage in a general scenario of the SNR evolu-
tion, especially in SNRs interacting with molecular clouds.
Evolution of SNR during the post-adiabatic stage is
accompanied by increasing role of the radiative losses and
therefore essential change of the flow structure. In particular,
the regions with high density and magnetic field (MF) should
appear right after the shock. It is expected that such flow
reconstruction has to result in the prominent increase of the
hadronic γ-rays (due to the high density of target protons)
and the decrease of the lepronic γ-rays (due to synchrotron
losses of electrons in high MF). Thus, the post-adiabatic
SNRs could be sources of the hadronic emission.
Hydrodynamic properties of the post-adiabatic flows are
demonstrated in the numerical simulations of Cioffi et al.
(1988); Blondin et al. (1998). Hnatyk et al. (2007) have de-
veloped an approximate semi-analytical method to describe
the radiative shock without MF. It bases on the main prop-
erties of the flow during transition from the adiabatic to the
fully radiative regime and neglects minor effects. This hy-
drodynamic method is applied to a study of the hadronic
γ-ray emission from SNRs by Telezhinsky & Hnatyk (2007).
Magnetic field becomes an important factor of the SNR
evolution just in the post-adiabatic SNRs. Radiative losses
lead to increase of the shock compression and thus to in-
crease of the MF strength. The energy density of MF be-
comes comparable to the thermal energy density. MF affects
dynamics of the shock and the flow downstream (Falle 1975;
Slavin & Cox 1992; Innes 1992). In particular, MF limits
the density of the radiative shell. In the simulations without
MF, the ratio of the post-shock to the pre-shock density may
reach few hundred (Blondin et al. 1998).
In the present paper, the evolution of the post-adiabatic
SNRs in the interstellar medium with magnetic field is stud-
ied. We solve numerically the system of differential equations
of the ideal MHD in order to see how does MF affect the evo-
lution of the post-adiabatic SNRs.
Note, that other factors could influence the formation
and compression of the radiative shell, namely, thermal con-
duction (Slavin & Cox 1992; Orlando et al. 2008) and cos-
mic ray pressure in case of efficient acceleration (Lee et al.
2015). They are outside of the scope of the present paper.
2 PRELIMINARY SIMULATIONS
2.1 The code and problem setup
The numerical code PLUTO (Mignone et al. 2007, 2012) is
adopted for our simulations. It is designed to describe the
supersonic flows in the presence of strong shocks. PLUTO
integrates the system of the time-dependent conservation
laws of the ideal MHD in the form
∂
∂t


ρ
m
E
B

+∇·


ρv
mv+ Iptot
(E + ptot)v −B(v ·B)
vB−Bv


T
=


0
0
L
0

 (1)
where ρ is the density, m = ρv the momentum density, v
the flow velocity, ptot the total (thermal p and magnetic pB)
pressure, I the unit vector, B the MF strength, L represents
the radiative losses, E the total energy density. The ideal
gas equation of state is assumed with γ = 5/3. The total
energy density is a sum of the thermal, kinetic and magnetic
components:
E =
p
γ − 1
+
m2
2ρ
+
B2
2
. (2)
Additionally, the divergence-free condition holds: ∇·B = 0.
The system (1) is integrated with the use of the finite
volumes approach. The solving strategy in PLUTO consists
of the three main steps: polynomial interpolation of the cell-
averaged values to the interfaces of cells, solving the Rie-
mann problem at the cell edges and the time evolution. For
each of the steps several possible algorithms are available in
the code. Therefore, one can set up a number of computa-
tional schemas. We have tried a series of different combina-
tions of available alternative algorithms in order to choose
the one which seems to be the most appropriate for our goals.
Namely, we used the following set in our simulations: linear
interpolation with min mod limiter, HLL Riemann solver and
Characteristic Tracing algorithm for the time evolution. Ad-
ditionally, we used oned shock flattening algorithm for the
numerical dissipation near the strong shocks and eight wave
formulation for controlling ∇·B = 0 condition. Such numer-
ical setup provides the second order accuracy both in spatial
and temporal integrations.
Our one-dimensional spherically-symmetrical computa-
tions were carried on the static uniform grid. The physical
grid size is 32 pc with 60 000 computational zones1. We
used the reflective boundary conditions (variables are sym-
metric across the boundary and the normal components of
vectors are antisymmetric) at the beginning of the grid as
well as the outflow (zero gradient across the boundary) at
the end of the grid. The time step was limited by the CFL
condition with Courant number 0.75. The simulations were
carried until t = 100 000 yrs.
There are known solutions of the system (1). Namely,
Sedov (1959) found the analytical solutions for L = 0 and
B = 0 (for approximations of the Sedov solutions see Petruk
2000). Analytical description of MF in Sedov SNRs (L =
0, B 6= 0) are given by Karlikov & Korobeinikov (1960);
Korobeinikov (1964). The numerical solutions for L 6= 0 and
B = 0 are presented by Cioffi et al. (1988); Blondin et al.
(1998).
The goal of the present paper is to study the case of
the post-adiabatic shocks in the ambient MF, i.e. L 6= 0 and
B 6= 0. The spherically symmetric problem is considered.
1 Other resolutions were tried, namely, 10 000, 20 000 and
30 000 zones, but the strong dense peaks from simulations of
Blondin et al. (1998) were correctly reproduced in the hydrody-
namical simulations with 60 000 zones.
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Figure 1. Distribution of HD parameters behind the perpendic-
ular shock. Sedov solutions (without MF; solid lines) are com-
pared with MHD numerical simulations (open squares and tri-
angles). Data are presented for two values of ISMF strength,
no = 0.3 cm−3, t = 1000 yrs. Plots for other values of t and the
parallel shock are the same.
2.2 Magnetic field in Sedov SNRs
Initially, the hydrodynamic (HD) module in the PLUTO
code was tested on Sedov (1959) analytical solutions for uni-
form ISM. The self-similarity of the spatial profiles of the
hydrodynamic parameters (density, pressure and velocity)
was reproduced in the numerical simulations.
On the next step, MHD simulations were carried out
of the adiabatic SNR in uniform ISM and uniform ISMF
in order to reveal the influence of the magnetic field on the
evolution of HD parameters behind the shock as well as to
determine the postshock evolution of magnetic field.
The simulations demonstrate (Fig. 1) that MF may be
considered as ‘test-like’, i.e. it is not capable to change the
distribution of the hydrodynamic parameters inside the adi-
abatic SNR. The reason is that the energy density of MF
(with the strengths which are expected in SNRs) is much
smaller than the thermal energy density of the gas (high
plasma β). Thus, in order to model the MF inside the adia-
batic SNR one could separate MF and hydrodynamics: one
should first know the HD structure and then, on this hy-
drodynamic background, one may calculate the MF distri-
bution.
Actually, such an approach is already adopted in a num-
ber of publications in order to develop an analytical de-
scription of MF in Sedov SNR. Note, that the strong shock
from the point explosion is spherical even in the presence
of ambient MF, because the deviation from the spheric-
ity ∝ M−2A ≪ 1 (Fleishman & Toptygin 2013, p.201). The
whole problem is axisymmetric if the ambient MF is uni-
form.
The changes of the uniform MF due to the strong
point explosion in the ideal plasma with infinite conductivity
and ‘weak’ MF are considered by Karlikov & Korobeinikov
(1960). The equations
∂B
∂t
= rot[v ×B], divB = 0 (3)
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Figure 2. Radial (B‖) and tangential (B⊥) components of MF
downstream of the Sedov shock. Solid line shows the analytic ex-
pressions (8), dots represent our numerical simulations. Approxi-
mate solution (7) is shown by the dashed line.
transform to the equations for the radial B‖ and tangential
B⊥ components of MF in the spherical coordinates
∂B‖
∂t
+
v
r2
∂
∂r
(
r2B‖
)
= 0,
∂B⊥
∂t
+
1
r
∂
∂r
(rvB⊥) = 0 (4)
where r is the radius, θ the angle measured from the direc-
tion of Bo. At the shock front,
B‖,s = B‖,o, B‖,o = Bo cos θ, (5)
B⊥,s = σB⊥,o, B⊥,o = Bo sin θ, (6)
where σ = ρs/ρo is the shock compression ratio, the in-
dex ‘o’ refers to the pre-shock position, the index ‘s’ to
the immediately post-shock one. The self-similar solution
of Eq. (4) may be found, – after substitution (4) with the
Sedov (1959) solution for the flow velocity v(r, t) = vs(t)v¯(r¯),
– by separation of variables (overline denotes the value nor-
malized by the value of the same parameter at the shock,
e.g. r¯ = r/R, B¯‖ = B‖/B‖,s, B¯⊥ = B⊥/B⊥,s). The ex-
pressions for the self-similar solution for MF are quite large
(Karlikov & Korobeinikov 1960).
An approximation of this solution is found assumming
that v¯(r¯) ≈ r¯ in Sedov solutions. If so, the downstream
profiles of both MF components would have the same shape
(Toptygin 2004):
B¯‖ = B¯⊥ ≈ r¯
4/(γ−1). (7)
The above solutions are derived in terms of the Euler
coordinates r. In many situations an analysis in terms of the
Lagrangian coordinates a is preferable. There are solutions
of that problem as well (Korobeinikov 1964; Chevalier 1974;
Reynolds 1998) and they are much simpler:
B¯‖ =
(
a¯
r¯
)2
, B¯⊥ = ρ¯
r¯
a¯
. (8)
These equations reflect the flux-conservation and freezing
conditions. In order to have the dependenceB(a), one should
use the known Sedov (1959) relations for r(a) and ρ(a) or
MNRAS 000, 1–12 (2015)
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Figure 3. Expansion parameter m = V t/R (a), the energy budget and its components (b) and the post-shock distributions of HD
parameters close to the shock front (c-d) for SNR in uniform ISM without MF, with the radiative losses accounted for. Age of SNR is
t = 44000 yrs (c) and t = 50000 yrs (d). The vertical lines on plot (a) represents the ‘transition’ time ttr and the ‘shell formation’ time
tsf . Red lines on plots (a), (c) and (d) represent our calculations, the blue lines are for results of Blondin et al. (1998). vs, ps and ρs are
appropriate Sedov post-shock values.
their much simpler approximations (Petruk 2000, Eqs. 86,
87). On the other hand, in order to have B(r), one may use
(8) with Sedov (1959) relations for a(r) and ρ(r) or their
approximations (Cox & Franco 1981, Eqs. A2, A5).
The MF strength at any place in Sedov SNR is
B = Bo
(
B¯2‖ cos
2 θ + σ2B¯2⊥ sin
2 θ
)1/2
. (9)
The formula for the MF compression ratio at the shock for
an arbitrary θ is therefore
σB ≡
Bs
Bo
=
(
cos2 θ + σ2 sin2 θ
)1/2
(10)
or (Reynolds 1998)
σB =
(
1 + σ2 tan2 θ
1 + tan2 θ
)1/2
. (11)
Fig. 2 shows that the analytical solutions (8) derived
under assumption of the ‘weak’ field are in good agreement
with our numerical simulations which are free of such sim-
plification.
2.3 Hydrodynamics of the post-adiabatic SNRs
At some time of SNR evolution, radiative losses become high
enough and the adiabatic condition no longer holds. This
marks the end of the adiabatic stage.
Radiative energy losses of the plasma are described with
the term
L = −nenHΛ(T ) (12)
where T is the plasma temperature, Λ(T ) is the equilib-
rium (e.g. Raymond et al. 1976) or nonequilibrium (e.g.
Sutherland & Dopita 1993) cooling coefficient.
We carried out the 1-D HD simulations (B = 0) of
the spherical SNR in the uniform ISM. In all simulations
in the present paper, we use the same initial parameters
as in Blondin et al. (1998). Namely, the explosion energy
Eo = 10
51 erg, the hydrogen number density in ISM nH =
0.84 cm−3, the temperature in ISM 104 K. The nonequilib-
rium cooling function L is taken from Sutherland & Dopita
(1993).
The results of Blondin et al. (1998) were reproduced if
the mean mass per particle, per hydrogen atom, per free
electron in the terms of the proton mass are µ = 13/21,
µH = 13/9, µe = 13/11 respectively. This is demonstrated
on Fig. 3.
Plot for the expansion parameter m = −d lnR/d ln t =
V t/R (i.e. R ∝ tm) on Fig. 3a is useful in order to see the
evolutionary stage of the shock. The deviation of m from 0.4
marks the end of the adiabatic regime and beginning of the
post-adiabatic phase. It happens around the transition time
MNRAS 000, 1–12 (2015)
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Figure 4. Effect of magnetic field on the dynamics of shock with radiative losses. Time dependence of the shock radius R and velocity
V (a) as well as the expansion parameter m (b) are shown for Bo = 0µG (red line), Bo⊥ = 3µG (blue line), Bo⊥ = 10 µG (green line)
and Bo⊥ = 30µG (orange line). Plots for parallel shock coincide with Bo = 0µG for any value of Bo‖. Temporal evolution of the energy
components are presented for Bo⊥ = 10µG (c) and Bo⊥ = 30µG (d).
(Cox 1972; Blondin et al. 1998)
ttr = 2.83× 10
4E
4/17
51 n
−9/17
H yrs (13)
The radiative stage changes the post-adiabatic one around
the shell-formation time (Cox & Anderson 1982; Cox 1986)
tsf = 5.18× 10
4E
4/17
51 n
−9/17
H yrs. (14)
These reference times are ttr = 3.10 × 10
4 yrs and tsf =
5.68× 104 yrs for adopted nH and E51. The duration of the
post-adiabatic stage is tsf − ttr = 25800 yrs.
The accuracy of our simulations is demonstrated by
Fig. 3b: the total energy as a sum of components Ek+Eth+
Erad is equal to the explosion energy up to the final time
of simulations. (All these energies are calculated as an inte-
grals of the respective local values over the whole spherical
SNR volume.) The same plot shows that the energy of radia-
tive losses increases, the thermal energy decreases while the
kinetic energy is almost constant with time. Thus, the radia-
tive losses affect mostly the thermal component of the total
energy, in a way that the sum Eth + Erad is approximately
constant in time.
The semi-analytical approximate method for HD of the
post-adiabatic SNR is developed by Hnatyk et al. (2007). It
uses Lagrangian coordinates and approximately reproduces
the main features of the numerical simulations.
3 ROLE OF MAGNETIC FIELD IN
EVOLUTION OF THE POST-ADIABATIC
SNRS
3.1 Effect of magnetic field on the dynamics of
the shock
In order to reveal the role of MF in the post-adiabatic evolu-
tion of SNRs, simulations were done for the two orientations
of the ambient MF, parallel and perpendicular to the shock
normal, and for few values of the ISMF strength: Bo = 1µG,
3µG, 10µG and 30µG. In the simulations, the shock posi-
tion was determined from the condition of the maximum of
|∇p|/p where p is the thermal pressure.
Our simulations reveal that MF does not affect dynam-
ics of the shock if it moves along the MF lines. The reason
is that the energy density of the radial MF is much smaller
than the thermal energy density. The situation is different
for the perpendicular shock. The strength of the tangential
MF increases considerably after passage of the shock front.
MNRAS 000, 1–12 (2015)
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Figure 5. Time dependence of the sums Eth+Erad and Ekin+EB
in the simulations for Bo⊥ = 10µG (solid lines) and Bo⊥ = 30 µG
(dashed lines).
Fig. 4a shows the evolution of the shock radius R and
velocity V for the parallel and perpendicular orientations of
ISMF. If the ambient MF is quite high then it is even possi-
ble that dynamics of the SNR radius is close to the extrap-
olation of the Sedov formula (Fig. 4a, orange dashed line),
despite the fact that radiation losses are significant (Fig. 4d,
orange line). Effect of the strong MF is visible also on the
plots for the shock velocity V (Fig. 4a) and the decelera-
tion parameter m (Fig. 4c): the shock decelerates slower for
higher MF strengths; MF works against of oscillations of m.
In addition, the value of m on the radiative stage (t > tsf) is
higher than the value expected from the pure hydrodynam-
ical model m ≈ 0.3 (Bandiera & Petruk 2004) and could be
close to the adiabatic value 0.4 for large B (Fig. 4b, orange
dashed line).
Fig. 4N˜A֒ and d demonstrate evolution of the compo-
nents of the total energy for the perpendicular shock with
Bo⊥ = 10µG and Bo⊥ = 30µG respectively. The magnetic
energy is calculated on the plots as
EB =
∫
V
B2
8π
dV −
∫
V
B2o
8π
dV, (15)
i.e. it is the energy transformed to MF from the explosion
energy.2
Magnetic energy is small for strengths Bo⊥ ≤ 1µG and
dynamics of the energy components is similar to behavior in
simulations (Fig. 3) without MF.
The evolution of Ekin and Eth in the presence of the
only parallel MF is the same as in purely HD simulations,
for different strengths Bo.
Radiative losses affect mostly the thermal energy, even
if MF is strong (Fig. 4c-d). Some decrease of kinetic en-
ergy with time is visible; it transforms into the energy of
the perpendicular MF. Thus, we observe almost indepen-
dent channels of energy transformations: the thermal goes
into the radiative and the kinetic into the MF energy. This
statement is illustrated clearly on Fig. 5: the sums Eth+Erad
and Ekin +EB are approximately constant with time. Since
2 The same approach was used for the thermal energy Eth: it is
calculated with (p− po).
radiative losses come mostly from the thermal energy, the
expressions (13) for the transition and (14) for the shell for-
mation times are valid also in MHD models.
MF energy increases with time and may reach promi-
nent fraction of the total energy, e.g. for Bo⊥ = 30µG, it
is about 0.2Etot at t = 100 000 yrs (Fig. 4d). Comparison of
Fig. 3c, 4c and d reveals that radiative losses are somehow
smaller for stronger MF. In fact, at t = 100 000 yrs, about
60 % of the explosion energy are lost through the thermal
radiation if the shock moves in ISM without MF or along the
MF lines (Fig. 3c), whereas the fraction of radiated energy
is 50 % for B0⊥ = 30µG (Fig. 4d).
3.2 Effect of magnetic field on hydrodynamic
parameters of the flow
Fig. 6 and 7 shows the time evolution of the spatial distri-
butions of the flow parameters in the region 19− 29 pc and
in the time interval 25 000− 80 000 yrs.
The appearance of the first flow elements which radiated
their energy away may clearly be tracked on the spatial-
temporal distributions of temperature (Fig. 6). Radiative
losses lead to the quick fall of the temperature behind the
shock starting from t ≈ 40 000 yrs. The first elements to
cool appear a bit downstream of the shock, in agreement
with Blondin et al. (1998). If MF is low, radiative losses are
effective in the thin region behind the shock. This region
corresponds to the dense shell (7a-b) which cools more and
more effectively with increase of its density.
The shell is more extended for Bo⊥ = 3µG (Fig. 7c).
The thin dense shell is not formed for Bo⊥ = 10µG (Fig. 7d).
This is because the magnetic pressure is high enough (com-
paring to simulations with small MF strength) to prevent the
huge compression of gas on the post-adiabatic and radiative
phases. Fig. 7a-b shows that the maximum density may be
few hundred times the density in ISM, if MF is zero or par-
allel to the shock normal. In contrast, Fig. 7c demonstrates
that the compression factor of the perpendicular shock with
Bo⊥ = 3µG is smaller than 50. The density compression
factor for the post-adiabatic SNRs varies between 4 and 10
for B0⊥ = 10µG (Fig. 7d).
This effect is visible more clearly on Fig. 8 where the
evolution of ρmax/ρo and Bmax/Bo are shown for different
values of perpendicular MF (ρmax and Bmax are the max-
imum values within the shell, its location within the shell
varies with time). It is interesting to note on this figure that
the shock compression is smaller than 4 for Bo = 30µG; so
large MF contributes to the ambient pressure and the shock
is not ‘strong’ any more.
The smaller the density in the shell the smaller the ra-
diative losses. On the other hand, the region affected by
these losses are larger because the shell is thicker, if MF is
accounted. In fact, it is prominent on Fig. 6b and Fig. 6c
that the area behind the shock front, which is affected by
the radiative losses, is wider in the case of perpendicular MF
with Bo⊥ = 3µG, and increases with the value of the MF
strength (Fig. 6d).
Large value of the perpendicular MF creates an addi-
tional pressure immediately downstream which prevents the
flow from large compression (which is present in the pure
HD simulations). It also pushes the shock to the larger dis-
tance. This results in R, V and m being closer to the Sedov
MNRAS 000, 1–12 (2015)
Post-adiabatic SNRs in ambient magnetic field 7
(c)
R, pc
20 22 24 26 28
30
40
50
60
70
80
(b)
R, pc
20 22 24 26 28
30
40
50
60
70
80
(a)
t,
 1
0
3
 y
rs
R, pc
20 22 24 26 28
30
40
50
60
70
80
log
(d)
R, pc
20 22 24 26 28
30
40
50
60
70
80
4.00
4.25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.50
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extrapolations, even in the radiative phase t > tsf (Fig. 4a-
b, green and orange lines). In this respect, MF behaves like
a ‘compensator’ of pressure which is lost due to radiative
losses.
Fig. 7 confirms that the thickness of the shell for the
large strength of the perpendicular MF is not small anymore
and increases with time. Therefore, the theoretical model of
the ‘snowplow’ may not be used.
It is known from the hydrodynamic simulations (e.g.
Blondin et al. 1998) that, at the post-adiabatic stage, the
two shells form (Fig. 9). They merge into one around time
(t ≈ 55 000 yrs) which corresponds to the first minimum
of the deceleration parameter m (Fig. 4c); this is visible
on Fig. 7 for Bo = 0µG and Bo‖ = 3µG. Two shells are
formed because the effective cooling happens and develops
a bit downstream. The pressure decrease in the outer shell
results in the shock deceleration; this is reflected by the de-
crease of the parameterm up to the first minimum (Fig. 4b).
The internal pressure pushes the inner shell until both shells
merge (time of the minimum of m) and then it pushes the
merged shell (the first increase of m, Fig. 4b). The shell ex-
periences the radiative losses and slows down (the second de-
crease on m around t = 6·104 yrs) reducing the ram pressure
of the incoming gas. Following oscillations of m are similar,
they are due to the interplay between the internal and the
ram pressures regulated by the radiative losses. The overall
evolution of the structures due to the radiative cooling, in
particular, the formation of secondary shocks, are similar to
described in Innes (1992).
Perpendicular MF introduces the additional, magnetic,
pressure in this picture. When m approaches its first mini-
mum, the magnetic pressure becomes comparable with the
thermal one. Later, MF appears to be an intermediate chain
in interactions between the internal and the ram pressures:
the two peaks of the pressure are clearly separated by the
MF pressure (Fig. 10c; Fig. 11). This effect is visible af-
ter t ≈ 55 000 yrs (which corresponds to the first minumum
of m) for Bo⊥ = 3µG (cf. Fig. 9 and 10). Larger MF pre-
vents the two shells from interactions during the whole post-
adiabatic phase, even around t ≈ 55 000 yrs (Fig. 7d).
Figs. 9, 10 and 11 correspond to the time before and af-
ter the first minimum of the deceleration parameter m. The
figures demonstrate that the thickness of the whole radiative
shell increases with increase of the strength of ambient MF.
MF reduces the density in the shell; the density is smaller
for larger MF strength (Fig. 8). The shock goes forward to
the larger extent if tangential MF is present; this effect is
more prominent for higher Bo⊥ (Fig. 4, 9a, 10a).
Simulations with parallel orientation of MF show no
influence of MF on the distribution of hydrodynamical pa-
rameters of the flow. The distributions are the same as in
the purely hydrodynamical simulations.
3.3 Structure of magnetic field
Fig. 12 shows distributions of MF strength for Bo‖ = 1µG
and Bo‖ = 3µG for t = 53 000 yrs and 70 000 yrs. The par-
allel MF is not compressed behind the shock, as expected
(Fig. 12). MF distribution is self-similar in respect of the
MF strength, i.e. the MF profiles B‖(r)/Bo‖ are the same
for different values of Bo‖ but the shape of the profile varies
in time. After t ≈ 50 000 yrs, there is a significant drop in
the magnetic field right after the shock; the drop increases
with time. In particular, at t = 105 yrs, the MF strength
becomes 0.25Bo‖.
Such a behavior is related to the formation of the thin
dense shell. Fig. 13 is useful for understanding. It shows the
relation between the Lagrangian a and Eulerian r coordi-
nates. The coordinate r is common spatial position. The co-
ordinate a is like a number attached to the fluid element; it is
defined as a = R(ti), i.e. it is the shock radius at time ti when
the given fluid element was shocked. Therefore, a = r in the
ambient medium. During the adiabatic stage the profile r(a)
is self-similar, i.e. it has the same shape for any time. The
shell starts to form approximately at ttr. The radiative shell
consists mostly of the swept up ISM3 (e.g. Blondin et al.
1998). Therefore, the shell is thick in coordinates a; the
thickness is ∆a = R(t)−R(ttr) and increases with time. The
hot gas behind the shell (with a < R(ttr)) evolves almost adi-
abatically, thus the relation r(a) for this region scales with
time approximately as r(a, t) ≈ r(a, ttr)Rhot(t)/R(ttr) (see
Fig. 13). The pressure in the shell falls due to the radia-
tive losses; therefore, the gas with Lagrangian coordinates
R(ttr) < a < R(t) is compressed in a dense shell which is
quite thin in common coordinates r: ∆r = R(t)−Rhot(t).
The MF components behave in accordance to the fun-
damental Eqs. (8) which are valid either for adiabatic or for
non-adiabatic regime. Let’s consider a fluid element which
is located downstream but quite close to the shock, say
r = R − ∆r. The coordinate a which corresponds to this
r is considerably smaller: a = R−∆a (see Fig. 13). In other
words, the ratio a/r is smaller than unity and decreases with
time. This is why B‖ = (a/r)
2 experiences rapid fall behind
the shock, as on Fig. 12. Note, that this effect also explains
3 The minor contribution to the shell comes also from the cooled
material of the SNR interior, within about 5% of the radius R(ttr)
(Blondin et al. 1998); this contribution is neglected on the Fig. 13.
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Figure 13. Schematic representation of the relation between the
Lagrangian a and Eulerian r coordinates.
why Bmax/Bo is typically larger than ρmax/ρo on Fig. 8: the
perpendicular component of MF B⊥/Bo = (r/a)(ρ/ρo).
The component of MF parallel to the shock normal does
not affect the flow structure during the whole evolution of
SNR. The parallel field depends on the hydrodynamic struc-
ture rather than vice versa. Fig. 14a,c explains this effect:
the plasma β is less than unity everywhere inside SNR.
Spatial distributions of the perpendicular MF (Fig. 15)
correlate with distributions of density (Fig. 11) because MF
is frozen into the plasma. At the beginning of the post-
adiabatic stage, when the radiative losses are not essential
yet, the distributions for MF of the intermediate strength
(Bo⊥ = 1µG, 3µG) are close to the self-similarity in re-
spect of the value of Bo (like in the case of the parallel field).
However, this property is quickly violated due to different
behavior of the radiative loses in the flows modified by MF
of the different strengths. The tangential MF is important
factor in dynamics of the flows with shocks, in accordance
with the values of the plasma β (Fig. 14b,d).
The strength of the perpendicular MF may reach quite
high values on the post-adiabatic and radiative stages, even
for small values Bo⊥ ∼ 1µG because if β is small then MF
does not prevent plasma from high compression and the per-
pendicular MF is compressed to similar values as density.
MF with higher Bo⊥ limits the compression and the maxi-
mum value of the strength is smaller (Fig. 8).
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4 CONCLUSIONS
The numerical code PLUTO was adopted and used for
magneto-hydrodynamic simulations of flows with shock
waves in supernova remnants with the radiative losses of
plasma. Calculations are performed for the case of the one-
dimensional flows under conditions of spherical symmetry,
in the interstellar medium with the uniform distributions of
density and magnetic field. The role of MF in formation of
the flow structure is revealed. It is significant only in the
post-adiabatic and radiative phases.
The pressure of the tangential MF prevents large com-
pression of plasma and limits the level of maximum density
in the radiative shell. Radiative shell is more extended be-
hind the perpendicular shock. These effects are more signif-
icant for larger values of MF strength.
Parallel MF does not affect the flow dynamic because
its energy density is much smaller than the thermal energy
density.
Radiative losses affect mostly the thermal energy. The
magnetic energy increases mostly by reducing the kinetic
energy.
At oblique shocks of the post-adiabatic SNRs, the per-
pendicular component of MF increases and the parallel com-
ponent decreases. This mechanism may be responsible for
the predominantly tangential orientation of MF in old SNRs,
as it is known from observations of the radio polarization
(Milne 1987; Dubner & Giacani 2015).
At late times, when the shock decelerates a lot and the
Mach number becomes small, efficiency of particle accelera-
tion by the Fermi mechanism considerably decreases. On the
other hand, at these times the tangential MF dominates over
most of the SNR surface, even in the regions where the par-
allel MF was large at previous stages (quasiparallel shocks).
This probably keeps more or less effective further accelera-
tion of particles due to the drift mechanism. Especially in
the view of the rather small shock velocity: the particles tied
to MF lines might spend more times for multiple crossings
of the (quasi-)perpendicular shock until the MF line will be
swept up downstream.
The old post-adiabatic SNRs or regions of SNRs in-
teracting with the high-density medium may be promising
sources of hadronic γ-rays. Radiative losses in these objects
essentially affect dynamics of the shock and structure of the
flow. They cause considerable increase of density and MF
strength in the radiative shell. Therefore, prominent emis-
sion of hadronic γ-rays should be generated there whereas
the competing leptonic γ-rays has to be substantially re-
duced under such conditions.
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